Despite great progress achieved in photovoltaics in the last decades, energy from photovoltaics is still less competitive compared to the conventional fossil energy. Therefore, it is desirable to further improve the efficiencies of solar cells at low cost. Tandem solar cells are a concept exceeding the Shockley-Queisser efficiency limit of 30 % without light concentration 1 . Related work has been intensively done based on various combinations of two single-junction solar cells [2] [3] [4] [5] [6] [7] [8] . However, efficiencies beyond 20 % were not yet experimentally reported among thin-film tandem solar cells. The underlying challenges mainly lie in 9, 10 : a)
there is lack of high performing high-bandgap solar cells on the top; b) sub-bandgap transparency from the top cell is poor due to parasitic absorption, which inhibits the realization of high efficiencies of the bottom cell.
The recent emergence of organic-inorganic CH 3 inherently suffer from transparency loss, which lowers the illumination for the bottom cell.
For lab-scale cells in small size, the TCO can be relatively thin since the current collection can be assisted by metal grids on top of the TCO 23 . The resulting parasitic absorption in TCO is moderate. However, when the solar cell is up-scaled to module size, the modules are generally scribed into multiple strips of cells which are monolithically connected without metal grids. A much thicker top TCO electrode is required to minimize the resistive loss due to the lateral transportation of current through the TCO 23 . The resulting parasitic absorption from TCO is expected to be quite serious and the potential for high efficiency can be thus restrained. The conductivity of TCOs is determined by carrier concentration as well as carrier mobility. In conventional TCOs, a higher free carrier concentration indicates a better conductivity but at the cost of sacrificing transparency. To improve transparency without compromising conductivity, a high-mobility TCO is therefore desirable. Therefore, in this contribution, we will investigate the opto-electronic properties of high-mobility TCO. Using optical simulations, we then evaluate how much of optical benefit can be gained by applying a high-mobility TCO compared to a conventional one as the thick electrode in a module. Table 1 were prepared by Rf sputtering from ceramic target on glass substrate without intentional substrate heating. Ar was used as the working gas. For compared to ITO. The absorption in the short wavelengths for both ITO (< 450 nm) and IO:H (< 400 nm) is related to the inter-band transition. ITO also shows strong near infrared absorption starting from 700 nm and is gradually increasing as the wavelength increases. This is ascribed to the absorption of free carriers, which is typically observed in conventional TCOs. For IO:H this absorption is weak, which can be mainly interpreted by the reduced electron concentration confirmed in Table 1 . According to the Drude model 28 , the wavelength of the bulk plasma frequency for free charge carriers is proportional to 1/√ (N is the free carrier concentration), the reduced electron concentration in IO:H therefore redshifts the wavelength of plasma resonance of free carriers beyond 1200 nm. For refractive index n, IO:H exhibit a moderate deceasing trend as the wavelength is increasing. ITO generally follows a similar trend but starts to drop faster from the wavelength of 700 nm, where the extinction coefficient k in ITO starts to increase. 29 .This results in a negligible parasitic sub-bandgap absorption compared to the ITO. The calculated optical constants are also similar among IO:H layers in different thicknesses. Therefore, as a good approximation, we assume that the opto-electronic properties of TCO are thickness independent and take the values in Table 1 and Fig.1 as references. Fig.2 (a) .
For a high performing module, the sheet resistance of the top electrode is required to be less than10 Ω/sq 9 . The TCO thickness is 320 nm for a sheet resistance of 10 Ω/sq. Fig.2 To assess the benefit of overall performance of cells from applying IO:H as top electrode, we calculated the efficiencies of tandem cells based on a monolithic model. The equivalent circuit is illustrated in Fig.4 (a) . is taken according to Fig. 3 and only the series resistance due to the lateral transportation of current through TCO is taken into account. The photoactive width ( 1 ) is assumed to be 10 mm, which is reasonable for realistic module geometry. Diode 1 (D1) and diode 2 (D2) correspond to a perovskite and a CIGSe solar cell with efficiencies of 16.7 % 22 and 21.7 % (world record in the lab scale) 32 , respectively. Their diode parameters are listed in Fig.4 (b) , the detailed model equations are described in supporting information 27 . Assuming the quality of the two diodes can be maintained in the tandem structure, the − curves of the tandem solar cell were simulated as a function of TCO thickness. The corresponding efficiencies were extracted from − curves and are presented in Fig.4 For the cell with IO:H as electrode, as the IO:H thickness increases, ℎ is constant and is reducing. As a result, the efficiency remains increasing towards the ultimate value of 25.0 % corresponding to the case of free of . In contrast, the efficiency for the cell with ITO is much lower, which is ascribed to the lower ℎ due to the parasitic absorption in ITO. The efficiency gradually decreases, though R s is reducing. The efficiencies of the single-junction CIGSe solar cell (same geometry as the bottom cell in Fig.2 (a)) with IO:H as electrode are also calculated and are added to Fig.4 (c) . We can observe that the high efficiency of 21.7 % couldn't be maintained, which is due to the influence of lateral transport of current through TCO when cells are in module level. As expected, the CIGSe solar cell follows the similar trend as the perovskite/CIGSe tandem solar cell in efficiency as the thickness of IO:H varies.
But the perovskite/CIGSe tandem solar cells outperform the single-junction CIGSe solar cells by more than 7 % higher in efficiency, which demonstrates the benefit of tandem solar cells.
Conclusively, IO:H as electrode can release the compromise between lateral resistance and parasitic absorption of TCO and thus realize high efficiencies for perovskite/CIGSe tandem solar cells in module. It should be also noted here that the highest efficiency for our perovskite tandem solar cells (around 25 %) is below Shockley-Queisser efficiency limit, which was however realized in some calculations [17] [18] [19] [20] [21] [22] . The main underlying reason is that different electrical models and parameters are applied. 
